The Boltzmann averaged rate constants for total vibrational relaxation of HF(vϭ1) in collisions with Ar are computed in the range of temperatures between 100 and 1500 K. The computed rate constants overestimate the experimental measurements at high temperatures by a large factor. It is concluded that the deviation between theory and experiment cannot be explained by inaccuracy of the PES or dynamical approximations made. It is shown that increasing initial rotational energy enhances a resonant character of the vibrational energy transfer to a great extent. An assumption is made that total vibrational relaxation of HF(vϭ1) at high temperatures is determined by competition between vibrational relaxation to a resonant level (vϭ0,j res ), vibrational excitation from the resonant level, and purely rotational relaxation of HF(vϭ0,j res ). It is demonstrated that at high temperatures the latter process can be significantly slower than vibrationally inelastic transitions and rotational relaxation of HF(vϭ0,j res ) may in fact be a rate-limiting stage of vibrational relaxation.
I. INTRODUCTION
The hydrogen halide ͑HX͒ molecules are important constituents in many chemical reactions of astrophysical and applied interest. The dynamics of collision processes involving HX molecules has therefore been studied by many authors ͑see, e.g., the works relevant for the present HF-Ar system 1-27 ͒. The experiments involving HF molecules meet with certain difficulties due to the high reactivity of hydrogen fluoride and only a few reliable measurements of rotationally inelastic He and ArϩHF scattering were performed at room temperature. 15, 28 The rate constants for vibrational relaxation ͑VR͒ of HF in the Ar bath gas were measured at high temperatures ͑800-4000 K͒ in several works. 4, 5, 7, 8 These experiments were conducted using similar shock tube techniques with the claimed accuracy of 20% ͑Refs. 7 and 29͒ and agreed to within a factor of 5 with each other.
Recently, we reported quantum calculations of rate constants for VR in HFϩAr collisions at low temperatures [30] [31] [32] with an accurate potential energy surface ͑PES͒ for the HF ϩAr interaction. [33] [34] [35] It was demonstrated that VR in HF(v ϭ1,jϭ0) has a near-resonant character and the rate constants for VR of HF(vϭ1,j) at room temperature increase significantly with the initial rotational quantum number j. Rate constants for VR in HFϩAr collisions at high temperatures ͑up to 1500 K͒ were computed in an independent study of Shroll et al. 36 with an alternative PES. These calculations, however, employed approximate vibrational wave functions independent of the rotational quantum number. Although this approximation has not been investigated for the present Ar ϩHF system, the results for other ͓HeϩCO ͑Ref. 37͒ and HeϩH 2 ͑Refs. 38 and 39͔͒ molecules show that it may lead to large errors for vibrationally inelastic cross sections.
In the present paper we extend our previous calculations to high translational temperatures and high rotational energies of the diatomic molecule. We analyze the rotational distributions of HF(vϭ0) after VR of the diatomic molecule in high levels of rotational excitation and demonstrate that the resonant energy transfer is enhanced to a great extent by initial rotational energy of HF. This has two consequences: ͑1͒ the VR from rotationally excited levels of HF controls the Boltzmann averaged rate constants at high temperatures; ͑2͒ the VR cannot be treated as an irreversible process. We argue that the rate of VR of HF(vϭ1) at high temperatures is largely determined by purely rotational relaxation from high rotational levels of HF(vϭ0) and the experimental measurements in shock tubes yield an effective rate constant determined by competition between vibrationally inelastic ͑both quenching and excitation͒ and rotationally inelastic dynamics rather than the rate constant for purely vibrational relaxation. 
II. COMPUTATIONAL DETAILS
The cross sections and rate constants for vibrationally inelastic ArϩHF collisions are computed using the quantummechanical vibrational close coupling-coupled states ͑VCC-CS͒ approach as described in the original works of Pack 40 and McGuire and Kouri. 41 The details of the calculations for the present ArϩHF system are given in our preceding papers. 30, 32 The VCC-CS approach has been investigated and used by many researchers for studies of rotational and vibrational energy transfer in atom-diatom collisions ͑see, e.g., Ref. 42͒. In general, it is believed that the accuracy of the CS calculations of integral cross sections is within 50% for highly anisotropic systems. The analysis of the accuracy of the CS cross section for vibrationally inelastic Ar ϩHF collisions 43 has shown that the CS data agree well ͑to within 15-20%͒ with more accurate calculations.
Most calculations of the present work are performed with the 3D DIM PES. It has been constructed using firstorder diatomics-in-molecule ͑DIM͒ perturbation theory 33, 34 for neutral and ionic configurations of the HF molecule with a mixing angle between the states treated as adjustable parameter. The mixing angle was varied in order to fit the spectroscopic data on the complex. 34, 35 This PES was employed in our previous studies on ArϩHF collision dynamics. [30] [31] [32] However, an error has been discovered in the computer code for generating the PES. It affected one of the diatomic potentials contributing to the total DIM PES. Although subsequent fitting of the potential to experimental data significantly diminished the effect of this error, we have eliminated the inaccuracy and constructed a new DIM potential. 44 The a and b parameters of the functional form presented in Ref. 34 are now determined as 15.61 degrees and 8.68 degrees/Å, respectively. To distinguish the new corrected DIM PES from the old one we shall refer to the latter potential as DIM-old. Selected calculations are performed with an alternative PES developed recently by Shroll, Lohr, and Barker. 36 The V 2 variant of their potential is used. We will refer to this PES as the SLB potential.
III. RESULTS
Since both the vibrational and rotational transitions are determined by similar ͑predominantly repulsive͒ regions of the interaction potential, the comparison of the calculated rate constants with the reliable experimental data can serve as an illustration of the accuracy of the PES ͑at short range͒ and the computational method.
A good agreement of our calculations of rate constants for vibrationally and rotationally inelastic HFϩAr scattering with experimental data at low temperatures has been demonstrated in the previous work. 30, 32 To illustrate the sensitivity of the dynamical results to the interaction potential we present in Table I the CS calculations of rotational relaxation of HF(vϭ0,jϭ13) by Ar performed with the DIM and SLB PESs. The theoretical rate constants agree well with the measured value. 28 The results computed with the old and new DIM PES's are similar.
The CS calculations of cross sections in the present work are performed for 25 helicities and 160 total collision energies in the range 6007 to 21 117 cm Ϫ1 . A total number of 200 partial waves are included in the calculations. The partial opacity functions are computed at every second partial wave and the resulting cross section is multiplied by 2, a simplification that has been checked to have no effect on the final cross sections. Table II lists Boltzmann averaged rate constants for vibrational relaxation of HF(vϭ1) at temperatures between 100 and 1500 K. The data are obtained by summation over 25 rotational states in the initial vϭ1 level.
The theoretical results from Refs. 30 and 31 obtained in the same calculations but using the DIM-old PES, are also presented in Table II . It can be seen that the change of the potential alters the rate constant values by less than 40%.
Figure 1 presents rate constants for total VR of HF(v ϭ1) by Ar in comparison with experimental data and independent calculations of Shroll and co-workers. 36 As has been mentioned before, the calculations in Ref. 36 have employed approximate rotationally independent vibrational wave functions. It is illustrated in the Appendix that the approximation used by Shroll et al. underestimates the accurate CS calculations. This underestimation is, however, essentially independent of the translational or rotational energy of the diatomic molecule and the rate constants of Shroll et al. can be improved if multiplied by an average scaling factor 2.3 ͑see the Appendix͒. The values represented by triangles in Fig. 1 are so scaled calculations of Shroll and co-workers. 36 The two independent theoretical calculations are in excellent agreement at temperatures between 100 and 1000 K, whereas the calculations on the DIM PES overestimate the results on the It was shown before 43 that the error of the CS approximation for vibrationally inelastic transitions in ArϩHF collisions does not exceed 15-20% and the large error of theoretical calculations might therefore only be due to inaccuracies in the PES. In order to understand the sensitivity of the dynamical results to the interaction potential we performed calculations on several potentials generated by varying the short range of the DIM PES. The calculations have shown that reasonable variations ͑20-40%͒ of the potential result in a change of cross sections at high collision energies by 50% in the worst case. These tests along with the results presented in Tables I and II and Fig. 1 indicate that the uncertainties of the PES cannot account for the large disagreement with experimental data at high temperatures.
In order to study the relative role of VR from high rotational levels of HF(vϭ1) at high temperatures, we present in Fig. 2 the rate constants for total VR of HF(vϭ1) computed with only one rotational state ͑dashed curve͒, eight rotational states ͑dotted-dashed curve͒, and 25 rotational states ͑full curve͒ taken in the summation over initial rotational distribution. Boltzmann averaging of the rate constant at Tϭ2000 increases the vibrational relaxation rate by almost three orders of magnitude.
In order to get some more insight into the mechanism of VR in rotationally excited HF molecules we plot in Fig. 3 the rotational distributions of HF(vϭ0) after VR of HF in various levels of rotational excitation. We have pointed out previously 30 that VR of HF(vϭ1,jϭ0) has a near-resonant character with two rotational levels of vϭ0 predominantly populated after VR at low collision energies. The increase of the collision energy broadens the final rotational distribution leading to the picture shown in the upper panel of Fig. 3 . of vϭ0. For example, it can be seen that 94% of the energy from the ͉vϭ1,jϭ17͘ level relaxes to the near-resonant ͉v ϭ0,jϭ22͘ state.
These peculiarities of VR in rotationally excited HF by Ar provide explanation of the deviation between the experimental and calculated rate constants at high temperatures. When the VR is controlled by near-resonant energy transfer the process of VR can no longer be viewed as irreversible. According to the detailed balance principle, the reverse process of excitation from the resonant level of HF(vϭ0,j res ) should be very important. As a result, an equilibrium may be established between the resonant VR and resonant vibrational excitation processes. In this case, the total rate for VR of HF(vϭ1) may be determined by decay of the resonant rotational level of HF(vϭ0) due to rotational relaxation into the vϭ0 manifold of levels. The rate of rotational relaxation of HF(vϭ0,j) decreases dramatically with the j quantum number. As a consequence, the rate constants for rotational relaxation of HF in resonant levels of vϭ0 may have smaller magnitudes than the rate constants for vibrational relaxation of high rotational states of HF(vϭ1) and limit the rate of the total VR process.
As an illustration of the above suggestion, we show in Table III the rate constants for total VR (k tot VR ), resonant VR (k res VR ) to one j res ϭ25 level, vibrational excitation (k res VE ), and total rotational relaxation (k res RR ) of the resonant rotational level of HF initially in the ͉vϭ1,jϭ21͘ state at the temperature 1000 K. We note that in accord with the CS approximation and assumption that initially all HF molecules are in the vϭ1 state, all rate constants of Table III are divided by the same degeneracy factor of 43 and only 22 projections of the total angular momentum are included in these calculations. It must be noted that the rate constant for rotational relaxation in Table III may not be well-converged because we were adjusting our calculations for vibrationally inelastic cross sections but the value should be correct to within a factor of 2.
The data of Table III clearly illustrate that the rate constants for VR and resonant vibrational excitation have similar magnitudes while the rate constant for rotational relaxation of the resonant level in vϭ0 is more than one order of magnitude smaller supporting the proposed mechanism of VR. This mechanism can be approximately described by a simple kinetic scheme. Table III . Although the presented model is certainly oversimplified, it provides evidence that due to the sharp resonant character of vibrational energy transfer, the effective rate constants measured in the shock tube experiments may not directly represent the rate of vibrational relaxation in a single collision.
IV. SUMMARY
This work extends our previous calculations of VR in HFϩAr collisions and reports the following new findings.
͑1͒ Converged coupled states calculations of the Boltzmann averaged rate constants for total vibrational relaxation of HF(vϭ1) are performed in a wide range of temperatures extending to 1500 K. The results agree well with independent theoretical calculations on a different potential and experimental data at low temperatures. The calculated rate constants, however, overestimate the existing experimental measurements at temperatures above 800 K by a factor 10-30. It is concluded that this deviation cannot be due to inaccuracy of the PES or the dynamical approximation.
͑2͒ The initial rotational excitation enhances vibrational relaxation of HF(vϭ1) at high temperatures to a great extent. Thus, the Boltzmann averaged rate constant for vibrational relaxation at Tϭ2000 K is greater than the rate constant for vibrational relaxation of HF(vϭ1,jϭ0) by three orders of magnitude.
͑3͒ Increasing initial rotational excitation of HF enhances resonant character of vibrational relaxation even at high collision energies. Thus, the vibrational relaxation from the ͉vϭ1,jϭ17͘ level at collision energy ϳ2000 cm Ϫ1 results in a population of the resonant ͉vϭ0,jϭ22͘ rotational level with the probability 0.94. The probability of the nearresonant energy transfer in VR of HF(vϭ1,jϭ0) reported previously 30 is 0.26. ͑4͒ The total rate of VR in the high temperature Ar ϩHF mixture is determined by competition of resonant vibrational relaxation of high rotational levels of HF(vϭ1), reverse resonant vibrational excitation of high rotational levels of HF(vϭ0) and rotational deexcitation of resonant ro- tational levels of HF(vϭ0) into the vϭ0 manifold of levels. It is shown that the latter process may be limiting the total rate for VR at high temperatures. The observed features of vibrational energy transfer including the reverse character of VR and the strong enhancement of VR by initial rotational excitation of the diatomic molecule, are related to the near-resonant nature of vibrational energy redistribution and should be common to all atom-diatom systems with highly anisotropic interaction. 45 
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APPENDIX: THE ROLE OF CENTRIFUGAL DISTORTION OF VIBRATIONAL WAVE FUNCTIONS
The vibrational wave functions of the diatomic molecule v j (r) entering the elements of the coupling matrix in the close coupling equations are solutions to
where V BC is the intramolecular potential, BC is the reduced mass of the diatomic molecule, and ⑀ v j are its ro-vibrational energy levels. The functions v j depend parametrically on the rotational quantum number j through the term j( jϩ1). That In what follows, we will refer to this approximation as the rotational-independent ͑RI͒ approximation. All results of this Appendix are obtained with the DIM-old potential.
The calculations of vibrationally inelastic cross sections reported in this paper use the basis of 140 rovibrational states that correspond to six different vibrational levels. Thus, the accurate CS calculations include evaluation of 9870 integrals
jЈ ͘ for each value of interparticle separation R and each term V , whereas the calculations in the RI approximation would only require computation of 21 integrals. If these integrals are computed during propagation of the coupled equations, the RI approximation significantly reduces the computational effort and it is, therefore, widely used in quantum-mechanical studies of atom-diatom scattering. Surprisingly, the approximation has not been investigated in detail, although indications that it can result in large errors for vibrationally inelastic cross sections have been given by Alexander and McGuire 38 and Balakrishnan et al. 39 In the present Appendix we analyze the role of the j dependence of vibrational wave functions in vibrationally inelastic Ar ϩHF collisions. app is essentially independent of the collision energy. The cross sections for VR of HF(vϭ1,j) as functions of the initial rotational energy of HF are compared in Table V that illustrates that the accuracy of the RI approximation is also similar for HF molecules initially in different levels of rotational excitation. It should be noted that the cross sections for purely rotational transitions in ArϩHF collisions are independent of the choice of vibrational wave functions and the values obtained in the RI approximation are the same as the full CS calculations. In this respect, it is interesting to analyze the performance of the RI approximation for multiple quantum vibrationally inelastic cross sections shown in Table VI for VR of HF(v ϭ5,jϭ0). The ratio ex / app increases to a great extent as the number of transferred vibrational quanta increases and the RI approximation underestimates the CS calculations for the vϭ5→vϭ1 and vϭ5→vϭ0 transitions almost by two orders of magnitude.
In summary, it is illustrated in this Appendix that the RI approximation, assuming that v j Ϸ v jϭ0 for all j's, underestimates the cross sections for one quantum and multiple quantum vibrational transitions to a great extent. It is observed, however, that the ratio of the cross sections for one quantum vibrational relaxation obtained in the RI approximation to the accurate CS cross sections is almost independent of the initial rotational or translational energy of the diatomic molecule and a good estimate of accurate rate constants for vibrational relaxation of HF by Ar can, therefore, be obtained from the data computed in the RI approximation, if the latter are multiplied by an average scaling factor given in Tables IV and V. As the total VR in ArϩHF collisions is fully determined by one-quantum vibrational transitions, 32 this applies also to the rate constants for total VR. The cross sections for purely rotational vibrationally elastic transitions are independent of the choice of vibrational wave functions and the RI approximation can be used for investigation of purely rotational ArϩHF scattering. 
